Co-combustion of coal with sludge did not result in greater NOx, SO2, HCl, and CO emissions. Sludge raised heavy metals emitted, especially Cd, Pb, and Hg, mostly associated with particles greater than 1 µm. Metals were retained in bed ashes and in the cyclones and most of the Hg was adsorbed in fly ashes. The leachability of metals and organic matter decreased with combustion. Results of acid neutralization capacity showed that ashes became more resistant to acidification than the parent sludge. Globally, this study shows that combustion of sludge can reduce environmental impact compared with the traditional direct use of sludge in soils.
INTRODUCTION
Sewage sludge is the by-product obtained during the treatment of waste water. Generally, it contains several pollutants, such as pathogenic micro-organisms, organic pollutants, and heavy metals (Reimann, 1990) . It is obtained with high contents of water and contains high levels of organic matter, which turn attractive its use for energy, following the process of dewatering. This is one of the reasons that justify the growing application of sludge as an alternative fuel in the cofiring process (Werther and Ogada, 1999) . The thermal treatment or incineration of sludge is already a current practice in many developed countries, e.g., the United States, Germany, France, Hong Kong, and Taiwan. Several technologies are employed, however, it is recognized that the combustion in fluidized bed systems, either alone or cofired with coal, is the most promising process. The dumping of sludge in oceans is forbidden by a European Union directive (European Commission, 1991) , and landfilling will be restricted to treated sludge because of the presence of organic matter (European Commission, 1999) . Also, the regulation regarding its utilization as a fertilizer to improve the quality of agricultural soils will become stricter because of the possibility of release of toxic heavy metals to soils, water, and edible plants (European Commission, 2001b) . The increasing production makes the combustion of sludge the most viable option in the future. In Europe it is estimated that combustion will account for about 40% of the European production (10 million tons) by 2005 (Davis, 1995) .
However, there are environmental problems with the combustion process, i.e., the emission of gaseous pollutants such as SO 2 , NO x , and HCl, organics such as dioxins and furans, and heavy metals. The emission of Hg requires particular attention in the case of sewage sludge because concentrations may be relatively high. As this metal is highly volatile and tends to form vapors of metallic Hg, its removal from flue gases requires special techniques. Recent works (Saenger et al., 1999; Amand et al., 2001; Malerius et al., 2001) report the efforts to control Hg emissions in sewage sludge incinerators and point out problems yet to be solved.
Other metals may reach high concentrations in sewage sludge. The most volatile ones, such as Cd and Pb, may volatilize at high temperatures and enrich the fine fly ashes (Linak and Wendt, 1993) . However, their emissions could be controlled through the use of efficient flue gas treatment systems. Furthermore, during fluidized bed combustion, because of the relatively low temperatures and the accumulation of ashes in the system, the volatilization of metals is reduced. Also, the possibility of using sorbents in the furnace, such as limestone, may enhance the capture of metals, thus decreasing their emission with the flue gases.
The most recent directive on incineration (European Commission, 2000) establishes limits for the emissions of pollutants both from coincineration and dedicated incinerators and applies to hazardous and nonhazardous residues. The limit values for the emissions of heavy metals were fixed at 0.05 mg/Nm 3 for Cd + Tl and Hg and 0.5 mg/Nm 3 for the group of Sb + As + Pb + Cr + Cu + Co + Mn + Ni + V. The new regulation also refers to the need to minimize the quantity and toxicity of residues produced in incineration processes and to prevent the dispersion of fine dust in the environment. The landfilling of ashes must also comply with the existing regulations. Three classes of landfills (inert, nonhazardous, and hazardous) were established, based on the nature and levels of leachability (European Commission, 2002) . In addition, for hazardous residues the acid neutralization capacity (ANC) must be evaluated. This test involves the evaluation of the influence of pH on the release of heavy metals, which allows for the prediction of environmental risks under aggressive environmental conditions, such as acidic leachates production.
In order to contribute to this discussion and to understand the implications of new regulations, a practical case was investigated. The co-combustion of sewage sludge was compared with the combustion of coal alone in a pilot fluidized bed combustor (FBC) system. In particular, the flue gas emissions, the production of ashes, and the partitioning of metals in the streams were considered. The leaching properties of sludge and ashes were compared, and a study of the influence of pH on the leachability of metals and the ANC was also performed.
EXPERIMENTAL WORK Combustion Tests
A pilot bubbling fluidized bed of about 0.1 MW t was used, and its schematic is given in Figure 1 . The combustor is made of refractory steel and has a square cross section of 0.3 × 0.3 m and is 5 m high. It is insulated outside and cooled in the bed region and in the upper freeboard. The particulates transported with flue gases are removed using two high-efficiency cyclones installed in series at the outlet of the combustor. The gases are then exhausted through a small stack, without any further treatment. The fuels were introduced to the combustor using a screw feeder, 0.5 m above the distributor plate. For the co-combustion tests the fuels were premixed with a ratio (mass) of 65% of coal to 35% of sludge. Fresh sand with an average diameter of 0.32 mm was used in each test. The air was staged as primary air through the distributor plate and as secondary air in the freeboard region. CO, CO 2 , NO, SO 2 , and O 2 were measured with continuous gas analyzers at the exit of the combustor. Particulates, heavy metals, and HCl were sampled in the stack using an isokinetic probe according to U.S. standards (U.S. Environmental Protection Agency, 1990) . The ashes that were accumulated in the bed zone and the fly ashes removed by the cyclones were collected for further analysis. Table 1 presents the operational conditions used. Two tests of coal combustion are presented, Coal 1 and Coal 2, for which temperatures and air additions were varied. Four tests of sludge co-combustion were performed: Mix 1, Mix 2, Mix 3, and Mix 4. The last two were carried out using limestone to capture the SO 2 formed. For test Mix 3 a low Ca/S ratio was used, and the particulate size of limestone was between 0.5 and 1 mm. In Mix 4 the limestone ratio was higher, and its particulate size ranged from 0.1 to 0.5 mm. In this case a lower excess air was used.
The combustion temperatures in the bed and freeboard zone were varied between about 730 and 850 o C in order to control the NO x production. Owing to the relatively low energy input and conditions of the pilot system used, temperatures decreased along the freeboard, reaching about 300 o C at the entry to the first cyclone. This may influence the retention of heavy metals in fly ashes, especially in the case of Hg. 
Fuels Used
A dry granular sludge, BiogranÓ, was used. It was supplied by a British company that employs a pretreatment involving digestion and drying according to Swiss Combi Technology. As can be seen in Table 2 , its lower heating value is comparable to that of low-ranking coal; however, it has a very high level of ash, mainly composed of Ca, Fe, Al, and Si. The coal, from the United States, is a highly volatile and relatively low ash coal. For combustion, coal was previously sieved to a size ranging from 0.5 to 4 mm, and the sludge size range was 2-5 mm. The amount of heavy metals present in the coal was quite low, but the sludge con- tained significant levels of these metals, which may increase heavy metal emissions. The high concentration of N in the sludge may contribute to higher NO emissions during sludge co-combustion.
ANALYTICAL PROCEDURES Chemical Analysis
American Society for Testing Materials (ASTM) standards, normally used for coal analysis, were employed to characterize the main composition and properties of fuels and ashes. The metal analysis of coal, sludge, and ashes was carried out after strong digestion in closed Teflon vessels in a microwave oven (CEM MDS 2000) employing strong acids (HF, HNO 3 , and H 3 BO 3 ) in accordance with method 3052-SW 846 (U.S. Environmental Protection Agency, 1986). The subsequent analysis was performed with flame atomic absorption spectrometry (Solaar Unican) coupled with a graphite furnace with Zeeman [Graphite Furnace atomic Absorption (GFAA)]dc correction for the lower concentrations. Hg was measured directly with an automatic Hg Leco analyzer in accordance with method 7473-SW 846 (U.S. Environmental Protection Agency, 1986). Silicon was determined by gravimetry after a chemical treatment.
Evaluation of Leachability
The leaching test was performed in accordance with the European standard EN 12457 for granular materials below 4 mm (European Committee for Standardization, 1999) . The samples were put in contact with water in closed vessels (LS = 10 L/kg) for 24 h using continuous agitation. The leachates, filtered with membranes of 0.45-µm porosity, were analyzed for pH, electrochemical potential (Eh), dissolved organic matter (DOC), dissolved solids (TDS), major anions, and heavy metals. The evaluation of the influence of pH on leachability followed a European Committee for Standardization draft of the methodology ANC that is being standardized (European Committee for Standardization, 2001). It consists of a series of batch leaching tests similar to the EN 12457, in which the leachant is an aqueous solution acidified with HNO 3 or is made alkaline with NaOH. The concentrations are established so that final pH ranges from acidic to alkaline. The known predefined amounts of acid added meqH + /g to reach each pH value and the knowledge of the quantities of metals dissolved enable the determination of ANC and the construction of leachability profiles presenting the release of heavy metals with the variation of the pH. Table 3 presents the emissions of SO 2 , NO as NO 2 , HCl, CO, and particles. For simple coal combustion the results were corrected to 6% O 2 , and for co-combustion the values were converted to 7% O 2 , which is the reference value obtained in accordance with the mixing rule defined in the incineration directive (European Commission, 2000) for the conditions used in the co-combustion tests performed.
RESULTS AND DISCUSSION

Pollutant Emissions
Owing to the high S content, coal combustion produced large amounts of SO 2 . These values were found to be higher than the limit, 2000 mg/Nm 3 , set for coal power plants (50-100 MW) (European Commission, 2001a) .
In the case of sludge co-combustion (tests Mix 1 and Mix 2), SO 2 was found to be lower because sludge contains less S and also because about 25% of S was retained in the ashes that contained large amounts of calcium. However, these values exceeded the limit value for coincineration, 700 mg/Nm 3 at 7% O 2 (calculated according to the mixing rule). For runs with a limestone addition, only test Mix 4 (in which the high Ca/S ratio and the lower particle size were used) resulted in an acceptable level of SO 2 , as about 90% of the S was retained in the mixture of ashes and sorbent used. During coal combustion the NO levels were lower than the limit value of 600 mg/Nm 3 applicable to coal power plants (50 and 500 MW). This could be due to the low temperatures used in the FBC system and also because of the use of air staging. The production of NO was lower in the test Coal 2 because the bed temperature was lower and the global excess air was slightly decreased. During co-combustion the presence of dry sludge containing a high level of N was not observed to give rise to a greater emission of NO, as expected. The use of air staging reduced the production of NO, as was also found by other investigators (Werther et al., 1995) . In test Mix 3, there was a slight increase in NO, which was above the limit value of 400 mg/Nm 3 (calculated on the basis of guidelines for co-combustion). This could be due to the catalytic effect of limestone on the conversion of fuel N to NO (Jensen et al., 1996) . In test Mix 4 this effect appeared to be compensated by the use of a lower excess air, and so NO levels could comply with the limit value. Another reason for the low production of NO could be attributed to the characteristics of the sludge ashes (Werther et al., 1995) because of their high content of Fe 2 O 3 (5%) and CaO (17%), which may have a dual effect on the formation and destruction of NO in the presence of CO. In fact, the production of CO was relatively high. This seems to be related to the high content of volatile matter of the sludge that was not completely burned in the freeboard due to the use of cooled secondary air.
The levels of HCl corresponded to about 90% of the Cl introduced with the fuels and did not vary much in different tests because its content was similar in coal and sludge. Table 4 presents the levels of heavy metals emitted with the flue gases during the combustion trials. It was verified that the increase in emissions due to the use of sludge did not follow the variations of concentrations found in the fuels for all the metals. Pb increased 15-44 times, Cd 13-33 times, Hg 15-30 times, Cu 5-11 times, Mn 1-2 times, and Cr and Ni varied from values below that of coal runs to only 3 times higher. The largest increases corresponded to the most volatile metals (Hg, Pb, Cd). Hg and Cd emissions appeared to obey the individual limit value of 0.05 mg/Nm 3 , both in coal and in sludge co-combustion tests.
The other five metals were found to be close to or slightly exceeding the limit values of 0.5 mg/Nm 3 . However, it should be emphasized that because only cyclones are installed in the INETI pilot FBC (which are not efficient in capturing particles less than 5 µm), the particulate emissions were higher than limit values (100 mg/Nm 3 for coal power plants below 500 MW, or around 40 mg/Nm 3 for the mixtures). As metals were only associated with particles (except Hg) that presented average diameters of about 2 µm and no enrichment of Pb and Cd was found in particles (Lopes, 2002) , the application of advanced flue gas treatment systems in industrial installations could reduce both the particulate and the metal emissions.
Heavy Metal Partitioning
A global mass balance was performed for ashes and heavy metals. Generally, it was possible to close the balances, except for Mn, Cr, and Ni. This could be due to contaminations from the refractory steel of the reactor and cyclones due to internal corrosion problems. In the case of Hg, the recoveries were poor, ranging from about 50 to 110%. The partitioning of Pb, Cd, Cu, and Zn in bed ashes, ashes from the first and second cyclones, and fly ashes emitted is presented in Figure 2 . It should be pointed out that the partitioning of ashes was different during coal combustion and co-combustion tests. In coal-only combustion the retention of ashes in the bed was found to be lower than 10%, and large quantities of fly ashes, containing high levels of unburned matter (LOI varied from 30 to 70%), were produced and captured in the cyclones. During co-combustion, there was a higher global retention of ashes in the bed as about 90% of the mineral matter of the sludge remained in the bed as granular material completely burned. In this case the fly ashes recovered in the cyclones, presenting high levels of un- burned carbon, also seemed to be mostly produced by coal due to their high fragmentation tendency. The different partitioning of metals found during coal combustion and cocombustion may be influenced by the different yields of ashes. The global retention of metals in bed and cyclone ashes was generally above 90%, and much higher quantities were retained in bed ashes in the case of co-combustion. Generally, the retention of Pb and Cd in bed ashes was found to be lower in comparison with other metals (Cu, Zn, Cr, Mn, Ni, and Co). As during coal combustion the global retention in bed and cyclone ashes appeared to be lower than in cocombustion, especially in the case of Zn, Cd, and Pb (for which emissions accounted for about 16%, 7%, and 4%, respectively), there seems to be a higher volatility of these metals in the case of coal. This may be a consequence of slightly higher bed temperatures because of the higher fixed carbon content of coal. Another reason may be the association of metals to the organic phases of coal, which are more easily volatized during combustion.
As can be seen in Figure 3 , a different behavior was found for Hg. As this metal is highly volatile, it was not retained in bed ashes. However, an important retention occurred in cyclone ashes (37-97% of the Hg introduced with the fuels), especially in those captured in the first cyclone. This effect could be related to the nature of cyclone ashes produced as they contained large quantities of unburned carbon, which is known to promote the fixation of Hg, especially at temperatures below 300 o C (Amand et al., 2001) . The possible presence of sulfur condensates in these ashes could also have contributed to the capture of Hg, dissolving it or forming Hg sulfur base compounds. In co-combustion, in which quantities of Hg released were greater, the capture seemed to be higher in test Mix 4. In that test it seems that the compounds originated from the finer limestone used (that were transported with the gas stream and captured in the cyclones) contributed to a better retention of Hg compared with test Mix 3. The reason is that the larger limestone particles in test Mix 3 remained essentially in the bed zone, where Hg retention is not possible because of the high temperatures. Table 5 presents the results of the evaluation of leachability of both the sludge and the ashes produced in one of the tests with coal (Coal 1), one co-combustion test (Mix 1), and one co-combustion test using a higher quantity of limestone (Mix 4). Sludge exhibited a neutral pH and a low Eh, which is related to the presence of organic matter that acts as a reducing agent. Sludge contains humic matter that is partially soluble. This justifies the high level of TDSs that approach the limit (100 g/kg) set for landfilling hazardous materials (European Commission, 2002) and the high DOC that may lead to the classification of the sludge as hazardous residue requiring pretreatment (the value exceeded the limit of 1 g/kg). Most of the metals under study in this work leach out of the sludge in amounts that match that of the nonhazardous class. Ashes were generally alkaline, especially those from the tests where limestone was used. The pH values of cyclone ashes from the combustion tests without a limestone addition were lower, which suggests possible acid condensation on the ashes. The TDS of ashes decreased and seems to be mostly due to the dissolution of sulfates as DOC was greatly reduced and the levels of Cl and PO 4 were low. The SO 4 was generally found to meet the levels fixed for the nonhazardous materials or reached the hazardous class, in the case of ashes from the second cyclone, of both coal combustion or co-combustion tests.
Leachability
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For most of the ashes the levels of metal leachability were found to be lower than the detection limits of AAS. Traces of Pb and Zn were found to leach out of some very alkaline ashes from tests with limestone (in the inert level) due to their amphoteric nature. Also, because of the high sensitivity to pH, small amounts of Zn, Ni, and Mn were released by the less alkaline cyclone ashes.
The levels found for Ni may lead to the classification of the second cyclone ashes as nonhazardous material (the limit for inerts is 0.4 mg/kg). The greatest concern appears to be the release of Cr from cyclone ashes, which was found to be associated with the presence of Cr VI. This is known to be soluble under alkaline conditions. The solubilization of Cr was higher in the cyclone ashes from coal combustion (exceeding the level of nonhazardous material, 10 mg/kg) than in cyclone ashes from co-combustion with limestone and was not detected in ashes from co-combustion without limestone.
The presence of soluble Cr may be due to the oxidation of Cr present in fuels during the combustion process (Ebbinghaus, 1993) . However, as in tests Mix 1 and Mix 4, there was an excessive recovery of Cr because of contamination due to existing corrosion of the combustor body; it is possible that hexavalent Cr originates from soluble hydrated sulfate species that may oxidize under the high Eh values (Pourbaix, 1974) attained. Figure 4 presents the variation of the leachability of Pb, Cd, Cu, Zn, Cr, and Ni, as a function of pH, for the sludge and for ashes from the bed and the second cyclone of the tests Mix 1 and Mix 4.
Leachability as a Function of pH
There were differences between the leaching profiles of the sludge and those of the ashes. In the case of ashes, for pH values above 4 or 7 (depending on the metal), the release of metals was at their minimum, which is in agreement with the results obtained in the basic leaching test (European Committee for Standardization, 1999) . For Pb and Zn the tendency for an increased leachability under strong alkaline conditions (pH higher than 11) of amphoteric metals is clearly il- lustrated. This points out that the addition of limestone or other alkaline materials could have an adverse effect regarding the potential solubility of these metals. The profile obtained for Cr in the ash from the second cyclone of test Mix 4 is above that of the sludge and other ashes. This shape confirms that the leachability of Cr found in the basic leaching test is connected with the presence of chromate because it exhibits the behavior of oxyanions.
The acidification of ashes and sludge gave rise to exponential increases in the leachability of metals. For some of them, there was a tendency for stabilization at maximum values, ranging from less than 10% to about 90% of their bulk content (the lower percentages for Cr and the higher ones for Cd, the most labile metal). These values correspond to the "availability" for leaching under very aggressive conditions (below pH 4 or 2, depending on the metal). The results indicate that the progressive acidification due to eventual contact with acidic media, as, for example, acid rain, biological fluids, or acidic leachates, could increase the release of metals, and so the contact of these residues with acidic media must be avoided.
This study also shows that the decrease of the leachability of metals, before and after combustion, cannot be justified only by the change in pH values. In fact, under neutral or alkaline conditions, the sludge shows levels of leachability higher than those of the ashes, which can be related to the presence of colloidal organic matter as it tends to form metal complexes and quelates in solution that interferes with the precipitation and adsorption of metals in the solid matrix.
Furthermore, it was found that the benefits of the combustion process include an increase in the ANC. To decrease the original pH value of the sludge to pH 4, about 2 meqH + /g would be required, while in the case of bed ashes, almost a double quantity of acid would be needed, i.e., 4 meqH + /g. This means that ashes are more resistant to acidification than the parent sludge. Disposal of the ash in landfills would be safer since heavy metals are less likely to be released under acidic conditions.
CONCLUSIONS
The emissions of co-combustion of dry sewage sludge with coal were compared with the combustion of coal alone, and the following conclusions were extracted.
1. The higher level of fuel N in sludge did not produce greater NO emissions. The use of air staging and temperature control proved to be effective measures to maintain low emissions of NO.
2. The utilization of limestone with a size between 0.1 and 0.5 mm at a Ca/S ratio of 2.5 was adequate to control the SO 2 emission during sludge cocombustion.
3. Although sludge increased emissions of the most volatile heavy metals, they were essentially retained in ashes. Emissions can be further decreased with efficient flue gas cleaning systems.
4. The presence of unburned matter in fly ashes and acidic condensates seemed to have contributed to the capture of Hg in cyclones at low temperature.
The co-combustion of the sludge produced ashes with a lower hazardous nature than the parent sludge.
• Bed ashes were the most important fraction produced during sludge combustion and could be considered as inert material, except for the release of sulfates. The addition of limestone could dissolve traces of Pb and Zn. This may be due to the type of coal used.
• Cyclone ashes appeared to be more hazardous than bed ashes because of the release of small quantities of Ni and Cr(VI). However, this effect cannot be related to the use of sludge.
• The study of the influence of pH on leachability showed that the decrease of leachability under neutral to alkaline conditions seems to be related to the elimination of organic matter and the increase of the adsorption capacity of the ash matrix. The increase of ANC of the sludge ashes diminishes the risk of the release of heavy metals.
